The effects of partial and clear-cut harvesting on abundance and community composition of forest floor microarthropods and oribatid mites were investigated in conifer and deciduous stands of the mixedwood boreal forest. Soil samples from clearcuts, strip-cut corridors in a partial cut, green-tree retention patches in a partial cut, and uncut control sites were collected 2.5 years after harvest and microarthropods were extracted, enumerated, and identified. Densities of microarthropod suborders were lower in the strip-cut corridors of the deciduous stands and significantly lower in the suborder Oribatida (oribatid mites). Changes in microarthropod community composition, decreased relative abundance of prostigmatid mites, and increased relative abundance of mesostigmatid mites were observed in corridor and clear-cut treatments. Lowered abundances and changes in community composition are likely due to compaction of the forest floor during harvesting. Selected oribatid mite species showed significantly lower abundances in clearcuts than in uncut sites, but diversity indices for oribatid mites were generally not significantly different between uncut sites and clearcuts. Changes in oribatid mite communities following harvesting were thus more quantitative (absolute abundance) than qualitative (diversity, composition), and as a result, use of oribatid mites as biological indicators of disturbance is limited because of the lack of changes in species composition.
Introduction
Litter and soil microarthropods are 0.1-2 mm in length and include primarily Acari (mites) and Collembola (springtails). Microarthropods play an important role in regulating rates of decomposition and nutrient cycling via interactions with the microbial community (Seastedt 1984) . Microarthropods influence microbial populations by stimulating microbial growth through grazing, introducing microbial propagules to new substrates, and increasing litter surface area for microbial attack through comminution of organic matter and fecal pellet deposition (Visser 1985) . Microarthropods also release nutrients held within fungal standing crops and contribute to soil structure and humus formation (Wallwork 1983; Norton 1985) . Although the relative contributions of microarthropods to decomposition and nutrient cycling have not been specifically quantified, reductions in microarthropod abundance may be detrimental to soil processes. For this reason, preservation of soil biodiversity should be considered an integral component of forest management practices (Marshall 2000) .
Numerous studies have reported a reduction in soil microarthropods following forest clear-cutting (Vlug and Borden 1973; Huhta 1976 ; Abbott et al. 1980 ; Blair and Crossley 1988; Marra and Edmonds 1998) . However, the effect of forest harvesting at reduced intensities -such as practised in residual-leave or partial-cut systems -on forest floor microarthropods has not been studied in detail. Green tree retention within harvested sites is thought to reduce overall soil disturbance, maintain organic matter inputs and nutrient cycles, reduce nutrient losses (Dahlgren and Driscoll 1994) , provide refuge for belowground organisms like mycorrhizal fungi (Barg and Edmonds 1999) , and help maintain soil invertebrate communities (Siira-Pietikäinen et al. 2001) . Abbott et al. (1980) observed that communities of soil microarthropods in partial-cut sites were more like those in uncut sites than those in clearcuts. Huhta et al. (1967) found that forest thinning reduced soil microarthropod abundance in a Finnish coniferous forest, but reductions were less than in clearcuts. Other research has shown that partial-cut and selective timber harvesting may have significant, longlasting effects on the soil arthropod community (Hoekstra et al. 1995) . These observations suggest that partial-cut harvesting may be less detrimental to forest floor microarthropod communities than is clear-cutting, but further research is required to confirm this.
Oribatid mites (Acari: Oribatida) are the numerically dominant microarthropods in forest systems (Wallwork 1983 ) and often show the greatest decrease in abundance following disturbance (Seastedt and Crossley 1981; Blair and Crossley 1988) . The diversity of oribatid species is higher than that of other microarthropod groups, and changes within oribatid mite community structure may be a useful indicator of disturbance (Behan-Pelletier 1999) . Oribatid mites generally have low dispersal capabilities and cannot easily escape from the stress of disturbance or recolonize disturbed habitats. Oribatid mites are considered k-selected organisms (being iteroparous and having low fecundity, slow developmental times and metabolic rates, and long life spans); thus, they do not recover quickly from reduced population numbers (Norton 1990 ). However, some families and species of oribatid mites are known to be thelytokous (parthenogenic) and may have an advantage over other species in increasing numerically following disturbance. It is suggested, then, that in disturbed soil systems, measurable changes in community composition resulting from increased dominance of thelytokous families or species will be observed (Behan-Pelletier 1999) . The use of oribatids as indicators of soil disturbance is not yet a common practice. This may be the result of incomplete taxonomy of oribatid mites at the species level and (or) the result of the amount of expertise and time required to identify this group of microarthropods.
The present study examined the effects of clear-cut and 50% partial-cut harvesting on forest floor microarthropods in coniferous-and deciduous-dominated stands of the boreal mixedwood forest. The overall objective was to determine whether a 50% partial-cut harvest had less of an impact on forest floor microarthropods than a clear-cut harvest did. In addition, oribatid diversity and community composition were assessed to evaluate the usefulness of oribatid mites as biological indicators of harvesting disturbance. We hypothesized that forest floor microarthropod abundance would be reduced by partial-cut harvesting, compared with uncut sites, but would have greater microarthropod abundance than clearcuts. Within the partial-cut sites, we predicted that microarthropod numbers would be lower in strip-cut corridors than in retention patch areas, as strip-cut corridors have a greater degree of forest floor disturbance. Changes in the composition of oribatid mite communities, such as lower species diversity indices and shifts in the dominance or relative abundance of certain oribatid species (that is, increased thelytokous individuals), were also expected to result from harvesting disturbance.
Materials and methods
This study was conducted at the Ecosystem Management Emulating Natural Disturbance (EMEND) research site in northern Alberta, Canada (Sidders and Spence 2001) . The EMEND site is located approximately 90 km northwest of Peace River (56°46′13′′N, 118°22′28′′W) in the Upper Boreal -Cordilleran ecoregion. This area has a mean daily temperature of -0.6°C, and total annual precipitation is 426.5 mm (Environment Canada 2003) . The elevation is 677-800 m above sea level, and soils are predominantly fine-textured lacustrine Luvisols.
The EMEND experimental design is a random block design with two stand types and four treatments. Coniferous (white spruce) and deciduous (trembling aspen) dominated, 80-to 140-year-old stands were divided at random into 10-ha clear-cut, partial-cut, or uncut sites. In the present study, the partial-cut site was divided into two treatments, the strip-cut corridors and the retention patches, because impacts on the forest floors differ between these two areas (Lindo and Visser 2003) . Thus, the treatments considered in this study are clearcut, partial-cut patch (patch), partial-cut corridor (corridor), and uncut control. Harvesting occurred in the winter of 1998-1999. Conventional full-tree harvesting with direct route skidding was used in the clearcuts. A two-pass system of harvest was used in the partial-cut sites. The corridors were created with a feller-buncher-forwarder (skidder). Corridors have 100% tree removal and are 5 m wide, 20 m apart, and oriented north-south, perpendicular to the prevailing wind. The retention patches (15 m wide) were selectively harvested on the second pass at a 1:3 stem removal/ total stem ratio (one of every three trees removed). All harvesting and skidding was confined to the corridors. A full description of the research site and harvesting methods is available in Sidders and Spence (2001) .
Forest floor microarthropod sampling was conducted in June 2001, 2.5 years after harvest. A total of 80 forest floor cores were removed to mineral depth (-10 cm) along 50-m transects in each treatment (2 stand types (conifer, deciduous) × 2 replicate stands × 4 treatments (uncut, patch, corridor, clearcut) × 5 samples per treatment). Transects were oriented north-south to coincide with the direction of the patch and corridors, and forest floor samples were removed from the centre of the retention patches and corridors. Individual 5.5-cm diameter polyvinyl chloride soil corers were used for each sample, and samples were stored in the corer at 4°C until just before microarthropod extraction, 3 days after sampling for conifer and 13 days after sampling for deciduous cores.
Intact forest floor cores were extruded from the plastic corers, divided into 4-cm sections, and placed in a Macfadyen extractor (Macfadyen 1961) , where a temperature and moisture gradient forced active soil fauna to move down the core into a picric acid fixative over a period of 10 days. The Macfadyen extractor is >95% effective in extracting the active fauna from these types of soils (unpublished) . Microarthropods extracted from the cores were filtered from the picric acid and preserved in 70% ethanol. Average dry mass of core samples was 30 g. The total numbers of individuals within major microarthropod groups (Collembola and Acari) were evaluated with a dissecting microscope at 25× magnification. Collembola were identified to suborder (Arthropleona, Symphypleona), as were the Acari (Oribatida, Prostigmata, Astigmata, Mesostigmata). Oribatid mites from the uncut and clear-cut treatments were classified to genus and species, where possible, with a compound microscope (100-400× magnification) and keys produced by Gilyarov and Krivolutskii (1975) , Balogh and Mahunka (1983) , Norton (1990), (R.A. Norton, unpublished key) 2 , and Balogh and Balogh (1992) . Microarthropod abundance, expressed as number of individuals per gram dry mass of forest floor, was used to estimate population sizes and to determine changes in absolute abundance (density) of mites and springtails between treatments. Changes in microarthropod community composition were explored by using percentage relative abundance of microarthropod suborders ((number individuals in a suborder/ total number individuals) × 100). Relative abundances are useful for comparing the structure of microarthropod assemblages and for identifying suborders most impacted by forest harvest. Taxonomic groupings at the suborder level for oribatid mites and mesostigmatid mites are roughly equivalent to functional groups (organisms that share similar functional roles in the community) that are based on characteristics such as primary food source, feeding mode, reproductive rate, and defence against predators (Moore et al. 1988) . Any changes in the relative abundance of microarthropod functional groups (community composition) can affect energy and nutrient pathways in the below ground foodweb (Seastedt and Crossley 1984) .
Oribatid mite community composition and diversity were examined by applying nonparametric diversity indices, including species richness, diversity, evenness, and dominance (Magurran 1988) . Diversity indices for uncut and clear-cut treatments were analysed separately for conifer and deciduous stands by using a two-sample t test. Species richness (N) measures the total number of species recorded for a given sampling unit. The species richness index is simple to calculate and is widely used; however, it is very sensitive to sampling effort. Thus, a cumulative species curve for oribatid mites was constructed to test whether the oribatid sampling effort was intensive enough to find all oribatid mite species present in conifer and deciduous stands of this mixedwood boreal system.
The diversity index, inverse of Simpson's, was calculated using the formula 1/D = 1/Σp i 2 where D is Simpson's index and p i is the proportion of individuals found in the ith species. Simpson's index has low sensitivity to sample size and is widely used (Magurran 1988 ).
The Shannon-Wiener index of evenness was calculated using the formula H′ = -Σp i ln p i where H′ is Shannon's index and p i is the proportion of individuals found in the ith species. The Shannon-Wiener index has average discrimination ability, is widely used, but is moderately sensitive to sampling effort (Magurran 1988) .
The Berger-Parker index is calculated as the inverse of d = N max /N where d is inverse dominance, N max is the number of individuals in the most abundant species, and N is the total number of individuals. This index is not as widely used as others, but it provides a simple calculation of the inverse dominance of a community independent of species richness (Magurran 1988) .
The general linear model for randomized block designs in SYSTAT 7.0 was used to analyse the abundance data (SYSTAT Inc. 1997). A two-factor analysis of variance (ANOVA) was performed to test for stand and overall treatment effects on absolute and relative abundance means for each suborder. Results were considered significant when p < 0.05. Within each of the conifer and deciduous stand types, additional one-way ANOVAs with Tukey's honestly significant difference tests were performed to assess the effects of harvesting treatments on microarthropod suborder abundance. Microarthropod suborder and oribatid species abundances were log transformed (log 10 ) to normalize the data and to minimize the effects of rare species and aggregated population distributions (Krebs 1989) . Hierarchical cluster analysis was used to group the most similar treatments in each stand type on the basis of the absolute abundance of microarthropod suborders. Where possible, oribatid species from uncut and clear-cut treatments in each stand type were compared by using a two-sample Student's t test.
Results

Effect of forest harvesting on microarthropods
There were no significant treatment differences in mite or Collembola abundances observed within the conifer stands as a result of high variability between sites (Fig. 1) . In the deciduous stands, oribatid mite numbers were significantly lower in the strip-cut corridors than in the uncut control treatment (df = 3, f = 13.976, p = 0.029). Numbers of prostigmatid mites, astigmatid mites, mesostigmatid mites, arthropleonid Collembola, and symphypleonid Collembola in corridors of the deciduous stands were also lower than in other treatments but not significantly.
Hierarchical cluster analyses (Fig. 2) showed that patterns of absolute abundance (density) within the microarthropod suborders in the conifer stands were similar between the strip-cut corridors and the clear-cut treatments, whereas abundances of suborders in the retention patches were more similar to those in the uncut control forest. In the deciduous stands, the numbers and types of microarthropods in the retention patches and the clearcuts were most similar and resembled the pattern in the strip-cut corridors. The uncut control treatment was dissimilar to the patch, corridor, and clear-cut treatments in the deciduous stands.
Relative abundance (percentage of total) of oribatid mites in both stand types was lower in harvested sites, but this was not significant (Table 1) . Prostigmatid mite relative abundance was significantly lower in clearcuts of deciduous stands than in the uncut control treatment (df = 3, f = 9.352, p = 0.049), and the relative abundance of mesostigmatid mites was significantly greater in the strip-cut corridors of the conifer stands than in the uncut and patch treatments (df = 3, f = 11.472, p = 0.038). Arthropleonid Collembola had higher relative abundance in harvested treatments in both forest stand types, but differences in relative abundances were not significant. Astigmatid mites and symphypleonid Collembola showed no significant shifts in relative abundance as a result of harvesting disturbance and were consistently lower in relative abundance than the other groups of microarthropods.
Effect of clear-cut harvest on oribatid mites
More than 3900 adult oribatid mites from 19 families were identified to species from the uncut and clear-cut treatments (Table 2) . Individuals from the family Oppiidae (2 species) were the most abundant, followed by Suctobelbidae (4 species) and Brachychthoniidae (11 species). Individuals from these three families accounted for >85% of all oribatid mites observed in these two treatments. A total of 39 species of oribatid mites were identified in this study: 33 species inhabited the conifer forest floor, 25 species occurred in the deciduous forest floor, and 19 species were common to both stand types. The most abundant species in both conifer and deciduous stands was Oppiella nova (Oudemans). The absolute abundance of O. nova was much lower in the clearcuts of both stand types than in the uncut control treatments, but results were only significant in the deciduous stands (df = 2, t = -4.283, p = 0.050). Numbers of Suctobelbella sp. 1 were lower in clearcuts of deciduous stands than in the uncut deciduous stands (df = 2, t = -5.077, p = 0.037), and numbers of Liochthonius nr. muscorum Forsslund in the conifer stands were lower in clear-cut sites than in the uncut sites (df = 2, t = -5.668, p = 0.030). No other oribatid species showed significant changes in abundance as a result of forest-harvesting disturbance.
An average of 22.5 and 20.5 species were identified in the uncut and clear-cut treatments, respectively, in the conifer stands. In the deciduous stands the species richness was 13.5 in the uncut sites and 14.0 in the clearcut sites (Table 3) . Differences in species richness were not significant between treatments in either forest stand type. Shannon-Wiener, inverse Simpson's, and Berger-Parker indices were all higher in conifer stands than in deciduous stands, and all indices were higher in clear-cut treatments than in uncut treatments. However, only the Shannon-Wiener index in the conifer stands showed a significant result (df = 2, t = 8.187, p = 0.015). A cumulative species curve constructed for oribatid mites from both stand types showed that the number of mite species may be slightly underestimated, as the cumulative number of species did not attain a plateau with the maximum number of samples processed (Fig. 3) . Additional sampling is suggested to obtain a more comprehensive inventory of oribatid mite species for this region.
Some species showed a preference for one stand type over another. Quadroppia quadricarinata (Michael) and Suctobelbella sp. 2 were more abundant in the deciduous stands, whereas Suctobelbella nr. acutidens (Forsslund), Suctobelbella sp. 1, Moritzoppia clavigera (Hammer), and members of the genus Liochthonius were more abundant in the conifer stands.
Discussion
Lower microarthropod abundances in harvested treatments at the suborder level in this study were mostly nonsignificant, and where significantly lower abundances occurred, as in the oribatid mites of the deciduous stands, it was within the strip-cut corridor treatment, in contrast to the uncut control treatment. High variability and differences between sites within stands is thought to contribute to the overall lack of significant results.
Reductions in forest floor microarthropods following forest harvest have been attributed to decreases in organic mat- ter, litter input, microbial biomass (Huhta et al. 1967; Bird and Chatarpaul 1986; Marra and Edmonds 1998) , and soil pore space (Vlug and Borden 1973; Battigelli 2000) and to changes in microclimate (Abbott et al. 1980; Seastedt and Crossley 1981; Marra and Edmonds 1998 ) that occur following harvesting disturbance. In the present study, the slight reduction in forest floor microarthropods and the alteration of microarthropod community structure are probably a result of some, or all, of these factors. Total Acari and total Collembola abundances have correlated positively with microbial and fine-root biomass in both stand types (Lindo and Visser 2003) , supporting the idea that microarthropod densities are related to food availability and that any alterations in these food sources will have repercussions on the microarthropod communities.
Lower abundances of microarthropods following harvesting in the corridors may be related to compaction of the forest floor. Compaction associated with the harvesting process can significantly increase soil bulk density and reduce the soil pore space that is inhabited by microarthropods (Startsev et al. 1998 ). Battigelli (2000) found that heavy compaction (4 cm) of the forest floor associated with stemonly and whole-tree harvesting significantly reduced total microarthropod density by 50% or more in comparison with uncut forests in sites in British Columbia. Compaction was apparent in the corridors and clear-cut treatments in this study, where a decrease in forest floor depth and an increase in soil bulk density were observed, and Pearson's correlation coefficients showed a significant negative relationship between microarthropod abundance and soil bulk density (Lindo and Visser 2003) .
Clearcuts within the deciduous stands demonstrated extensive regeneration of aspen suckers 2.5 years following clearcutting; these suckers were approximately 4 ft high at the time of sampling. Aspen regeneration was not observed in the deciduous partial-cut patch or corridors, and conifer clearcuts and corridors also remained without any intact overstory vegetation during this time. This aspen regeneration in deciduous clearcuts may have mitigated any reductions in microarthropod numbers occurring immediately following clear-cutting in this stand type. The rapid reestablishment of overstory vegetation in the deciduous clearcuts may have also mitigated the compaction of these sites and stabilized the forest floor microclimate and litter inputs more quickly.
Overall trends in microarthropod abundance were reflected in the cluster analyses. A cluster analysis clearly showed that harvesting disturbance in the corridors and clearcuts of the conifer stands caused similar reductions in Can. J. For. Res. Vol. 34, 2004 Conifer (n = 2) Deciduous (n = 2) microarthropod densities at the suborder level, whereas densities in the retention patches were less altered and not significantly different from those in the conifer control. The cluster analysis pattern was different in the deciduous stands, where microarthropod suborder densities were most reduced in the corridors. Microarthropod suborder densities in the deciduous patch and clear-cut treatments also showed decreases, but these decreases in abundance were not significant, compared with the uncut control treatment.
Decreased relative abundance of prostigmatid and oribatid mites, combined with increased relative abundance of mesostigmatid mites and arthropleonid Collembola in corridor and clear-cut treatments, shows that community composition was different in harvested sites. Physical disturbance of the forest floor, in the form of compaction or mixing of organic and mineral soils during harvesting, may have increased mesostigmatid and decreased prostigmatids relative abundances. Many prostigmatid mites inhabit the upper organic horizon of the soil profile (Kethley 1990) , whereas a substantial proportion of mesostigmatid mites occur in mineral soils beneath the litter-humus layers (Krantz and Ainscough 1990) . Changes in relative abundances among suborders of microarthropods also have been attributed to life history traits of the different groups. Oribatid mites are considered k-selected organisms -with low fecundity, slow metabolism, and slow generation turnover rates -and thus are expected to show impacts of disturbance for longer periods (Norton 1990 ). Collembolans, in contrast, are considered rselected organisms -with high fecundity, rapid development, and fast generation turnover rates, which allow Collembola populations to recover quickly from disturbance (Marshall 2000) . Increases in the relative abundance of arthropleonid Collembola corroborate results found in other studies (Bird and Chatarpaul 1986; Blair and Crossley 1988) .
Oribatid mites have long been identified as the microarthropod group most sensitive to forest harvest (Seastedt and Crossley 1981; Bird and Chatarpaul 1986) . This is supported by the present study: oribatid mites were the only suborder to show significantly lower densities in a harvested treatment (deciduous corridors). Most oribatids are fungivorous and (or) detritivorous. Corridor and clear-cut treatments reduced microbial biomass, fine-root biomass, and annual litter input in both stand types (Lindo and Visser 2003) , thereby decreasing resource availability and contributing to a decline in forest floor oribatids.
Disturbance did not increase the abundance of thelytokous parthenogenic oribatids in this study. Trhypochthonius tectorum and Suctobelbella sp. 2, both suspected to be parthenogenic species, increased slightly in abundance, but other species known to be parthenogenic, such as O. nova, did not, and actually showed significantly lower abundance in clearcuts.
Diversity indices of oribatid mites were higher in clearcuts of both stand types than in the uncut sites. This contradicts Marra and Edmonds (1998) , who found that oribatid mites in undisturbed sites had higher species richness and diversity than they did in clearcuts. Diversity indices are a measure of community structure, being based on the number and relative abundance of species within the community. The increase in diversity indices in clearcuts in this study is likely related to the relative abundance of the most dominant species (O. nova). The reduction of O. nova in clearcuts was proportionally greater than that of any other oribatid mite species, thus leading to greater evenness of species within the oribatid community and a reduction in the dominance of any particular oribatid species in clearcuts.
Changes in the oribatid mite community following partial and clear-cut forest harvest were more quantitative (absolute abundance) than qualitative (diversity, community composition). Oribatid mites may be useful as biological indicators of disturbance, as they are sensitive to changes in their environment and show measurable decreases in abundance when their habitat is disturbed; however, support for their use as biological indicators is limited because of a lack of changes in community composition.
Conclusion
Most forest floor microarthropod suborder densities were lower in corridors of deciduous sites; however, only oribatid mite populations showed significantly lower absolute abundances in the strip-cut corridors of the deciduous stands. A reduction in forest floor microarthropods following harvesting is likely due to a combination of factors, including a decrease in food availability (organic matter, microbial biomass) and compaction. Changes in microarthropod community composition, seen in the decreased relative abundance of prostigmatid mites and the increased relative abundance of mesostigmatid mites in corridor and clear-cut treatments, may be due to physical disturbance to the forest floor in the form of compaction or mixing of organic and mineral soils during harvesting. Selected oribatid mite species showed significantly lower abundances in clearcuts than in uncut sites, but diversity indices of oribatid mite species were generally not significantly different between uncut sites and clearcuts. Oribatid mites may be useful as biological indicators in terms of absolute abundances of species; however, this study showed no support for shifts in species composition.
